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ABSTRACT
We propose that rotation strongly affects the outcome of gravitational
collapse. We study the problem of neutrino trapping inside the core of a
spinning star by following through the rotation of thé core during collapse.
The theory successfully explains the slow periods of pulsars and suggests
that low mass black holes (M ~ iOMG) exist and are rapidly rotating with

periods less than a millisecond.
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Gravitational collapse will lead to fwo possible types of extremely
dense remnants: black holes or neutron stars., We suggest that the
rotation of the star just before collapse might determine what type it will
be, In particular, we suggest that fast spinning stars become black holes,
and slower spinning stars become neutron stars.

After exhausting its nuclear fuel a star with M 2 10 Me develops a
dense core which will subsequently collapse under gravitational pressure.
If it is successful in exploding the shell around it, a supernova explosion
will occur blowing off the envelope and leaving behind a neutron star of
M~ 1 Mo' If not, matter will continue to rain in on the collapsing core
and a black hole will form. Most of the gravitational binding energy is
released in the form of neutrinos emitted through electron capture and
through thermal processes., Colgate and White2 suggested that the neutrinos
may exert enough pressure on the envelope to explode it. This theory is
still being debated. 3 Recent calculations seem to require a combination
of shock wave and neutrino pressure. 4 We shall argue that slower
rotating stars are better candidates for supernovae. In very fast
rotating stars we expect the core to bounce "softly' at relatively low
density p and temperature T, in which case the mechanical shock wave
and the neutrino luminosity will probably not be sufficient to explode the
shell. If, on the other hand, the bounce does occur at high p and T,
then a strong shock wave may occur and a very large number of neutrinos

will be created. However we shall see that these neutrinos are trapped
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so long in fast rotating cores that their pressure on the mantle becomes
negligible. Assuming that some neutrino pressure is necessary, though
perhaps not sufficient, to eject the envelope, we conclude again that
faster rotating stars continue to collapse towards a black hole. In

this Letter we calculate this neutrino delay in a specific model,

During gravitational collapse neutrinos are created in such a dense

14
environment (p ~ 10"~ gm/ cms) that they cannot escape as easily as they
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do in normal stars. Their mean free path X = mN/ pois about 50 m

-24 -441 -
(m, =1.7 x 10 gm/nucleon and ¢ = 40 - 10742

2
N cm’ [ nucleon); hence

the neutrinos interact many times before they escape. Most of the interactions
proceed through the weak neutral currents. If the neutrinos can reach

the envelope in time then the implosion might be reversed as they scatter
coherently off heavy nucleii in the shell. >

Since they undergo many scatterings before escape, the neutrinos
from a rotating core do not flow radially out but rather they spiral ouf
by picking up some of the angular momentum of the core.

In Fig. 1 we show some typical neutrino frajectories. These were
calculated by using a Lorentz transformation, at each neutrino scattering,
from a frame where the target nucleon is at rest to a frame co-rotating
with the star (details will be published elsewhere7). Our first observation

is that the neutrinos in highly rotating stars are trapped longer. To

calculate this delay we must look at the rotation of the star during the
collapse when it undergoes violent variations,
A close look at these variations reveals a second interesting phenomenon
which bears directly on the question of neutrino trapping, and which points
to initial rotation as a crucial parameter in determining how long the
neutrinos are delayed. As we shall see, two identical stars, one rotating
8 times faster than the other just before collapse, end up with the first
star rotating not 8 but 144 times faster than the other. This is a reflection

of the highly non-linear nature of the problem. We make our second
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observation: A star with higher initial rotation traps the neutrinos much

longer because it almost maintains the very high angular velocity reached

during collapse, Initially slower spinning stars lose much of their rotation

and do not appreciably delay the neutrinos.

This observation is based on calculations which follow through the
slow down of collapsing cores as the neutrinos carry away angular momentum.
Four examples are shown in Figure 2 (see also Table 1). Fromt = -. (05
sec. tot =0 sec. the core collapses from 150 Km to 10 Km. The initial
rotation in each case goes up almost by a factor (15)2 = 225, As more
and more neutrinos are emitted they exert enough friction on their way
out that the core slows down., Angular momentum is transferred to the
neutrinos and the slow down is calculated using conservation of total

angular momentum:

dJS dJ
—
dt dt

v

= 0 {1)

where dJs/dt = w dl/dt + I dw/dt is the rate of angular momentum loss by
the star. Jv is the angular momentum carried away by the neutrinos and
was calculated using the appropriate neutrino trajectories examples of
which are shown in Fig. 1. The total neutrino energy, about 6 x 1052 ergs,
is liberated by the time t =~ 0.1 sec., after which the luminosity dEv/dt

is rather low and further reduction it w cccurs very slowly,.
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From Fig. 2 it is clear that slowly rotating stars lost almost
all their angular momentum. For example, in case one JZIJOS =
cof/c.o = 23/675 << 1, While faster rotating stars lose more angular
momentum than slower rotating stars, the percentage lost is smaller:
in case four, Jf/Jo o fw = 3318/5625 ~ 1,

5 8 o

To illustrate how long the neutrinos are trapped because of rotation

we list in Table {1 the delay factor D. F. (w, 0 ) defined by:

T{w, 8)
Vv

D.F. (w, 8) Rl P , (2)
v

where Tv(m, 6 } is the escape time for a neutrino emitted at angle 6 from
the rotation axis @. For w = 0 one has spherical symmetry and therefore
T v(w = () is the same in all directions. Since w varies over the time the

neutrinos are emitted, we have calculated the average rotation <u>
v

f dEv
w(t) dt
<> = at . {3)

v dEv
3 dt

These are also listed in Table 1 along with the corresponding delay factors.

seen by them:

In all of the cases considered one can show that the kinetic energy
of rotation is much less than the gravitational binding energy, which implies

that they are all bound equally tight and that the pressure required to
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explode the shell is about the same in each case, The only difference is
that the neutrinos in highly spinning cores are trapped longer and cannot
provide the required pressure.

Our conclusion, therefore, concerning the outcome of gravitational
collapse is the following: stars approaching collapse with relatively slow
rotation, e.g. w = 3-5rad s-i, successfully explode their shell and, even
though they spin up quite a bit during the 50 milliseconds of collapse, in
the next 100 milliseconds they slow down to w ~ 23~55 rad s—i. The
average rotation <w> v encountered by the neutrinos is such that they are
not appreciably delayed and can help eject the envelope leaving behind a
pulsar with period ~ .3-.1 s. This is entirely consistent with pulsar
periods. On the other hand, if the initial rotation is relatively large, then
the spin up during collapse ia almost maintained and the neutrinos are
trapped too long to reverse the implosion and the star ends up a rapidly
rotating black hole,

Consgiderably more work is needed to establish a lower limit on
pulsar periods. It depends on how much neutrino delay can be tolerated
by a star that is about to explode. For example, case three in Table 1 is
marginal. The northern and southern caps, meaning the envelope at
8=0° to 10° and @ = 180° to 170° respectively, experience no delay,
while at ¢ = 45° and at = 135° the delay factor is 1.8, and at the
equator it is 2.5. If it could explode, the explosion would be somewhat

asymmetric, and would leave behind a pulsar with P = 0,02 s. Perhaps
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this is the lower limit we seek, but a definite answer can be given only
after detailed studies, in particular on asymmetric explosions, are
periormed. We can only speculate and point out that the fastest pulsar,

the Crab pulsar, has P = 0.033 s and might have been born with P = 0.02 s,

It is generally believed that stars with 10 M_ S M 550 M_ become
supernovae while stars with M> 50 M@ become black holes presumably
by the failure of the ejection mechanism for massive stars. While this
may be true, we wish to suggest that less massive black holes, M~ 10 M@,

may also exist in which case they would probably be rotating extremely fast.8

I wish to thank Professor B. W. Lee for his kind hospitality at the

Fermi National Accelerator Laboratory where most of this work was done.
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will be discussed elsewhere.
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wit)rads | <w> rad s D.F.(<w> , 6
t =-.05sec. t=0sec. t=.1sec. =10° 9 =45° g =90
3 675 23 200 1.0 1,0 1.0
5 1125 55 400 1.0 1.0 1.1
10 2250 352 1180 1.0 1.8 2.5
25 15625 3348 4300 4.4 9.2 10,3
‘Tahle 1. The angular wélocity w(t) of a one solar

mass core, the average angular velocity <w> seen
by neutrinos, and the delay factor D.F. (w, 89 for

four different initial rotations,



Fig. 1:

Fig. 2:

-11- FERMILAB-Pub-77/ 53-THY

FIGURE CAPTIONS
The trajectory of a neutrino emitted in the equatorial plane
of a stellar core rotating at « =500, 1000, or Zoom'r,ad:shi.
The angular velocity w of a one solar mass core during
gravitational collapse, for the four different initial rotations

listed in Table 1.
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